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Abstract. The un~te~Lly movement of the water-table in equally spaced drain tubes was studied in this 
paper. A well known equation was used to determine the dmin spacing by incorporating the climatic con­
ditions and soil typcsofthc central region of Saudi Arabia. The evaporation from the water table was con­
sidered in Ihe study. Non-dimensional charts based on the drawdown requirements are provided to be 
used as design criteria for lile drain spacing_ A design pmcedurt: is provided and two numerical examples 
are presented for ilIustrHtion purpn"""s 
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Nomenclatu['e 

constant contained in Eqs. 16 and 18; 

con"tant defined by Eq. 4 

constant conlained in Eqs. 16 and 18; 

constant contained in Eqs. 16 and 18; 

constant contained in Fq. (); 

constantcontaincd in Eg. 6; 

constant contained in Eq. 6; 

depth of clay layer below drains; 

constant contained in Eqs. 17 and 18; 

cOllStant cuntained in Eqs. 17 and 18; 

constant contained in Eq. 17; 
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F constant contained in Eq. 17; 

G constant contained in Eq. 17; 

H water-table height above drains midway between two drains; 

I fo depth of drains below ground surface; 

K hydraulic conductivity of soil; 

L spacing betwecn drains; 

Qd drain discharge per unit length of drain; 

o c evaporation rate from water-table hetween two drains per unit length 
of drain; 

q evaporation rate from water-table at a point y above drains; 

q stcady state rainfaU rate; 

qo evaporation rate at ground surface; 

s length ofthe water-table; 

T specified time period necessary to lower the water-table a vertical 
distance (Ho - H); 

x 
time; 

the horizontal Cartesian coordinate; 

the vertical Cartersian coordinate; and 

drainable porosity. 

Introduction 

Many investigators have attempted to solve the problem of draining a top clay cap 
underlain by an impervious substratum by a system of drain tubes [t,21. Drainage 
equations are used to arrive at proper drain spacing [3,4,5), considering the 
maximum water-tablc height midway between drain tubes and the steady uniform 
rainfall rate (6J. For unsteady state conditions, these equations can also be used by 
assuming the unsteady state to consist of a succession of steady state increments 
(7,8,9]. Although modern numerical approaches have introduced the effect of con­
sidering the circular shape of drain tubes as well as the existence of the unsaturated 
zone, yet they disregarded the evaporation taking place from the subsoil water-tube 
(10,11]. In some hot countries it WIIS found that introducing the effect of evaporation 
might result in incrcases in design spacings between drains in the order of 60% [R,12J, 
which means more economical spacings. The first investigator who introduced the 
effect of evaporation on spacing between subsurface drains was Hammad (8). In their 
treatments, Hammad [8J and Hathoot [12J regarded the water-tube as a horizontal 
line and considered a water-table evaporation fonnula [13] which was predicted in 
Egypt. 
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The objective of this paper is to present design criteria for drain spacing which 
accounts for the curved shape of the water-table and the subsoil evaporation mca­
surements in the Central Region of Saudi Arabia. 

The Unsteady Movement of the Water-table 

The unsteady movement of the water-table has been conventionally assumed to 
be the same as a continuous succession of steady states with the flux through the 
water-table assumed to be uniform and given by the drain discharge rate divided by 
the surface area [3,4]. If we consider the combined effect of drain tubes and subsoil 
evaporation, the differential equation describing the waler4 table depression may be 
put in the form: 

dH 
-d'tI-lL = QcJ + Q c (I) 

in which H is the water-table height midway betwen drain tubes, t the time, I-l the 
drainahle porosity, L the spacing between drains. QcJ drain discharge per unit length 
of drain, and Qe the subsoil evaporation fate taking place between two drains per 
unit drain length, Fig. 1. 

x t L • I 

Fig. I. DtftDidoD Iketch. 
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Drain Discharge Equation 

The steady state drainage equations hased on theory of flow through porous 
media were compared hy LOH·II and Youngs [2J. It was found that the watcrtahlc 
height <.:an be predicted accuratdy from the hodograph analysis and in dost: agree­
ment with thai obtained by seepage theory. For intermediate depths of the impervi­
om; layer the \\ <ltenable height can he determined with reasonable accuracy hy vari­
ous assumptions and approximations [0]. The Houghudt's equation gave close 
results for optimum radius in the hoJograph analysis for infinite soil depth. Lovell 
and Youngs [2J found out that the Houghoudt's equivalent depth drainage equatiun 
can he applied .... 11h reasonable accuracy, Youngs [oj transformed this equation to the 
following forlll: 

H 

Ll2 

q Ita 
(-) 

K 
(2) 

in which H is the water-table height midway between two drains. L the spacing 
between drains, q the steady state rainfall rate and K the hydraulic conductivity of 
soil. The coefficient is given by: 

2D mfL 2D 
a ~ 2 (-) 0 '" '" 0.35 (3) 

L L 

2D 
a = 1.36 , -> 0.35 (4) 

L 

in which D is the depth of the impervious substratum below drains. Ag. 1. Equation 
2 was found to provide results of fair accuracy in the range 0.01 < qlK < 0.1, which 
is a wide practical rangc. For convenience E(.j. 2 may be put in the form: 

Od ~ KL 
2H • 

(-) 
L 

in which Od is the discharge reaching cach unit length of drain. 

Evaporation Losses 

(5) 

A field experimental study on evaporation taking place from the subsoil water­
table was recently made in Riyadh wherc evaporation rates are considerable 
throughout the year r 141. These experiments were conducted on three common soils: 
loamy sand, sandy loam and sandy clay loam. The study suggested that the condi­
tions in winter season should be adopted as a basis for establishing a convenient drain 
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spacing equation since the evaporation is minimum and the water-table is maximum 
and hence the evaporation from the subsoil water-table was found to be of the funn: 

Ho C) 
[-c (--1) I 

2 Y 
(6) 

in which q is the evaporation rate from the subsoil water-table at a point y above 
drains, qo evaporation rate at the soil surface and Ho depth of drains below soil sur­
face. C1' C2 and C~ are constants depending upon the type of soil as given in (Table 
I). These constants were determined through regression for winter conditions [14]. 

Table 1. Constants CI , Cz and C3 ror different lOlls. 

Typeotsoil C, C, C, 

Loamy sand 0.925 1.324 1.118 

Sandy Joam 0.946 1.423 1.131 

Sandy day loam 0.957 2400 1.002 

40 

..." 
30 ~ 

~ 20 _____ Third degree parabola 
~ 

Theory (Kirkbam, 19K5) 

10 
0 Experlmentall'idd data 

0 
0 2 4 6 8 

x (meters) 

...... 1. Experimental rleld data compued with theory (Klrktwn, 1958) and the third deane parabola. 
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As subsurface evaporation depends upon the depth of the point under consider­
ation it was necessary to considertbe shape of the water-table. In Fig. 2 is shown the 
experimental data together with Kirkham's theoretical results [15). Unfortunately 
Kirkham's equation contains an infinite series which is expected to complicate any 
proposed mathematical treatment. Alternatively the third degree parabolic equation 
is tried and proved fairly coinddent with field data, Fig. 2. For the major part of the 
water-table, differences between field data and the parabolic water-table were less 
than ± 5%. The differences are noticeable at small y values, where evaporation 
effect is small. Considering the origin of axes to be the drain center, Fig. 1. the equ­
ation of the water-tahle is given as: 

2x .I 
-) J 
L 

(7) 

in which H is the height of the water-table midway between drains. The total evap­
oration rate taking place from the water-table can be written as: 

s 
0, = of q d, (8) 

in which Oe is the t:vaporation rate taking place betwl.:l.:n two drains per unit drain 
length and s the length of the water-table. We have 

rl~ 

d, ~ [dx + dy J 

Differentiating Eq. 7 with respect to x and rearranging: 

2 

dx 

2 

dy 

6 2x , , 
H' [- (1--)"]-

L L 

substituting from Eq. 10 into Eq. 9: 

H' [~( 1 - ~)'J' 
L L 

but from Eq. 7 we have 

(1 - ~) = (1 _ 1:.. )'" 
L H 

(9) 

( 10) 

(ll ) 

(12) 
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substituting into Eq. 11 and simplifying: 

ds = [ 
36H' (1 -'!"-)'" 

H 

197 

(13) 

now substituting the value of ds as given by Eq. 13 and the value of q as given hy Eq. 
6 into Eq. 8 we get: 

[ 

L' + 

36H' (I - 1...- ).3 
H 

C
1 

cxp I - C (H" - I) C, J) dy 
, Y 

For convenience Eq. 14 is rearranged and put in the form: 

Q, 

qoL 
II" f HIH" 2-
H 0 

[ 36 (1 

(14) 

Equation 15 has been numerically integrated for HIL between 0.01 and 0.22, 
and HlHo between 0.2 and 1.0. The results are presented for loamy sand, sandy loam 
and sandy clay loam in Figs. 3,4 and 5, respectively. It is evident from the above 
figures that curves are straight lines with very small slopes. If we nelege~t the effect 
of HIL on the evaporation ratio Qe fI-4o and consider intermediate values of the 
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Fig. 3. Evaporation ratio "enos water table beigbI ratio for loamy sand. 
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Fig. 4. (o:vllpn1IIUon ratio ve ..... water table bdPl ratio for saDdy kNun. 
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o.8r-----------------________ ~ 
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Flg.5. EVllporatioD ratio versus waler table bdpl.,.lIo ror SiJ.Ddy day loam. 
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evaporation ratio. it is found that the error is generally, less than ± 3"/0 for the 
extreme ends of each curve. For interior values, which are more common in practice, 
the error is much less than ± 3%. In Fig. 6 is plotted the evaporation ratio Q/Lqo 
versus intermediate vaJues of HIIio for the three types of soil under consideration. 
Prior to study the unsteady movement of the water-table by applying Eq. 1, curves 
of Fig. 6 should be conveniently represented hy mathematical equations. For loamy 
sand it is found that the following polynomials fit the corresponding curve of Fig- 6: 

A + B 
H 2 

C b.), 
Ho 

0.2 
H 

<- ~ 0.4 
Ho 

(\6) 

D + E 
H 

(-) + 
Ho 

+ G (~)3 
Ho 

H 
(-) > 1l.4 (\7) 

Ho 

On the uther hand curves corresponding to sandy loam and sandy clay loam are fitted 
to the following polynomial; 

A + B 
H 

(-) 
Ho 

+ C (~)2 
Ho 

+ D 

the values of the constants are given in Crable 2). 

T.b .... l. Constants c.ataiDed in Eqa. 16 tbrough 18 

Typeof5Clil A • 
1.()~lmysand 0.1716 -U.R4:l165 

Sandy IImm 0.2081648 -1.4U7531J2 

Sandy clay Inam 0.0305129 0.2601291 

Typeohotl E 

Loamysanu -0.717247 

Sandy loam 0.2659895 

Sandy clay loam -1.2446875 

(\8) 

C 0 

1.87055 0.1084679 

3.6206104 -2.0022708 

~1.5220624 3.0696458 

F G 

23777 -1.06852 

Differences between curves of Fig. 6 and the corresponding polynomials are 
found, in general, to be less than ± 1%. 
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Design of Drain Spacing 

As the expressions for hoth the discharge taken by drain tubes and by evapora­
tion are availahle, Eq. 1 may be put in the following form: 

in which 

and 

dH 
~L 

d I 

Rearranging Eq. I Q we get 

H 
f(-) 

Ho 

Q, 

L"" 

-d(H/Ho) 

dtl ~Hol K) 
F H Ho D +~f(~) 

(H;,'L'T) K Ho 

Separating variables and setting integration limits: 

dl s---
o (~Ho/K) 

( HlHo), 

-s 
(HlHo), 

d(H/Ho) 

(19) 

(20) 

(21) 

(22) 

(23) 

In the drawdown requirements of plant, the root zone should he cleared within 
a specified time period, T. which depend on the kind of plant, otherwise the plant 
would die [8]. If we consider the worst condition in whieh the soil is completely water 
logged after a heavy rainfall or just after excessive irrigation, we have (HIHo)l "'" 1.0, 
and the lower limit (H/Ho)2 will depend upon the depth of the TOot zone of plant, (110 
- H). Considering the above statements in Eq. 23 we get: 

T 

(~Ho/K) 

1.0 

~ - S 
( HlHolo 

d(H/Ho) 
(24) 

H Ho D q H 
F( ) +2. f(-) 

Ho'L'L K Ho 
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Fig. 9. Drain spacltlg design chart ror sandy clay loam 
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Since Eq. 241S non~integrable the time ratio T/(I.lH.., /K) may be evaluated num­
erically. It is of practical importance to provide graphs for the time ratio as a function 
of the variahles included in Eq. 24 [16]. Since, ~,K and the constants contained in 
f(HlHo) are characteristics oflhe soil, it is convenient to provide graphs for each indi­
vidual soil. As design should. in general, he hased on the worst expected conditions, 
the minimum value of qo is considered. Graphs of Hgs. 7, Hand 9 are devoted 10 
loamy sand, sandy loam and sandy clay loam. respectively. 

In each figure. the time ratio T/(J.A.HJK) is plotted versus the drain depth ratio 
IIJL. Groups of curves are presented such that each group corresponds to a certain 
lower limit (HlHo)~' which in turn ranges between 0,9 and 0,2, Within each group 
curves are plotted for D/L := n.oos. 0.02, 0.04, 0.08 and 0.175 or more. The above 
mentioned ranges of variable are chosen to cover the conditions that might be found 
in practice. Each group is presented in a separate graph since there is interference 
between some successive groups which may cause confusion and perhaps incorrect 
predicted values. Figures 7,8 and 9 can be used as design charts for drain spacing and 
the following procedure is recommended: 

1. the following data should be available in advance: type of soil (Il,K), depth of 
drains. Hu' the new depth H. or (HiHob and the time T. 

2. evaluate the time ratio T/(IlHJK). 

3. assume D/L and hence L 

4. for the figure corresponding to the type of soil and the (H/Hu)z group locate the 
value of the time ratio on the vertical axis and draw a horizontal line. 

5. the point of intersection of the horizontal line with the curve corresponding to 
the assumed D/L value will correspond in turn to an HelL value. 

6. as Ho is known the value of L may be evaluated. 

7. jf the a~sumed and predicted values of L arc the same, they will represent the 
required spacing. otherwise more trials should be made. 

Numerical example 1 

In n loamy )and soil where !.A. = 0.036 and K = 0.3 mJday drains arc installed 2.0 
m below ground surface and are 2.0 m above an impervious substratum. It is required 
to design the drain spacing to satisfy lowering the water·tahle midway between drains 
from 2.0 m to 1.8 m within 4.0 days. 

Solution 

Sincc the soil is loamy sand. we have to use Fig. 7. 
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TK 

~Ho 

4.0(0 .3) 

0.036 (2.0) 
16.67 

209 

Now assume DIL = 0.01, i.e. L = 200.0m from Fig. 7(a) for the above values we get 
HJL = O.ot5 from which L = 133.3 m. As a second trial cunsider OIL = 0.02, i.e. 
L = 100 m, for the same time ratiu we get: HJL = 0.013, from which L = 153.8 m. 
Cunsidering the above trails if we assume DIL = 0.167 from which L = 120.0 m. we 
have Hr/D = 0.016 from which L = 125.0 m. Therefore, the design spacing may be 
taken as L = 120 m. If we want to see to what extent evaporation affects the spa(.;ng 
let us apply the following equation in which evaporation is neglected, [6]: 

(25) 

where a is given by Eq. 4. 

Sulving Ells. 25 and 2 by trial and error we get the spacing L = 75.0 m. It is evi­
dent that a saving of about 60% is achieved when considering the effect of evapora­
tion. 

Numerical exampk 2 

It is required to design the spacing between drain tubes in a system serving 
sandy-loam soil (J.l = 0.038 and K = 0.27 m/day). Drains are to be installed l.R m 
below ground surface and they are 10.0 m above an impervious substratum. To 
satisfy the drawdo~n requirements 60.0 em of the topsoil should be drained within 
5.0 days. 

Solution 

H 1.8 - 0.6 l.2m. 

1.2 
HlHo 0.667 
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Therefore we have to deal with Fig. 8(c) in which HlHo 
HII", ~ 0.6. 

The lime ratio 
TK 
~H() 

5.0(0.27) 

0.038(1.8) 
19.74 

0.7 and Fig. Sed) in which 

For Fig ~(c) successive trials yield L = 71.7 m, (DIL = 0,139 and HJL = 0.0251). 

From Fig. 8(d) for D/L ~ 0.183 and HJL ~ 0.033 we get L ~ 45.5 m. 

By interpolation, considering the two predicted valuesofL, we gel the ft!quin.:d spac­
ingas 

L 71.7 _ 0.7 - 0.667 (71.7 _ 54.5) 
0.7 - 0.6 

= 66.0m. 

It is worthy to note that if the effect of evaporation is neglected the spacing = 56.5 
m, the percentage saving being about 17%. 

Conclusion 

Through the solution of two numerical examples it is shown that the spacing 
design charts provided in this paper are practical and cover a wide range of the vari­
ables. Considcing the evaporation. that takes place from the subsoil water-table, is 
of special importance in hot and dry climatic regions since it results in more econom­
ical drain spacings with corresponding savings that may exceed 60%. Special consid­
erations must be given to evaporation measurements at sites prior to apply the equa­
tion in design. 
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